An in-line nutrient sensing system was designed, built and "tted to a slurry tanker of 7 m capacity. The system measured particular physical and chemical properties of the tanker contents to derive estimates of their ammoniacal nitrogen, total phosphorus and total potassium concentrations. The complete system was tested in the UK and Ireland using seven cattle slurries and 11 pig slurries. The nutrient estimates were based on calibration coe$cients which related the nutrient concentrations to the measured physical and chemical properties. Results proved that most of these coe$cients, which had been determined previously using a di!erent sensing system, could be transferred directly to the tanker-mounted system.
Introduction
Livestock slurries have traditionally been disposed of with little regard for volumetric or placement accuracy let alone their fertilizer potential, thus increasing the risks of environmental pollution. However, the rising costs of inorganic fertilizers and reducing pro"t margins, have increased interest in utilizing this abundant source of plant nutrients. To encourage this trend, technologies are required that allow the environmentally safe disposal of slurries whilst making best use of their available nutrients. In the UK for example, such technology must enable farmers to comply more easily with codes of good agricultural practice (MAFF, 1998a (MAFF, , 1998b (MAFF, , 1998c by providing better control of spreading operations.
Many modern slurry spreading machines can apply slurry accurately on a volumetric basis. However, without measurements of ammoniacal nitrogen (AN), total phosphorus (P) and total potassium (K), it is di$cult to estimate the contribution that these nutrients can make to replace or supplement inorganic fertilizers. Laboratory and on-farm tests are available (Smith et al., 1993; Tunney & Bertrand, 1989; Piccinini & Bortone, 1991) for measuring slurry nutrient concentrations. However, the di$culties in obtaining representative samples from slurry stores mean that although the results for speci"c samples may be accurate, they may not represent the contents of the whole store. In addition, the time taken for sampling and analysis increases the duration of spreading operations. This paper details the design and initial testing of a full-scale in-line nutrient sensing system that addresses this problem. The system was mounted on a slurry tanker of 7 m capacity in conjunction with a system for precise control of volumetric application rate (Lenehan et al., 1998) . The purpose of the combined systems was to estimate the AN, P and K Flow, m/s 0}5 $0)1 Calculated from speed, measured using inductive proximity switch, of positive displacement pump 7 p H 5 ) 0 } 9 ) 0 $ 0 ) 1 Electrode 8
Redox, mV !660}0 $2 Electrode concentrations in each load of slurry in the tanker in order that these values could be used to calculate and achieve the required nutrient application rates. The in-line sensing system was based on a previously constructed (Scotford et al., 1998a) and tested (Scotford et al., 1998b) prototype nutrient sensing system. The principle of the system was to measure certain physical and chemical properties of slurries and to estimate the nutrient concentrations based on previously determined correlations. The prototype system indicated the e!ectiveness of the method; the engineering challenge was therefore to design a suitably robust system, not only for an in-line application but also for mounting directly onto a slurry tanker. This paper describes the design, construction, installation and preliminary testing of a tanker mounted slurry nutrient sensing system. The main objectives of the investigation were to establish the extent to which re-calibration would be required in practice and to determine the accuracy with which slurry nutrient concentrations could be estimated.
Experimental details

Design and construction of the nutrient sensing system
Using information gained from operating the prototype nutrient sensing system (Scotford et al., 1998a (Scotford et al., , 1998b , the properties listed in Table 1 were selected for inclusion in the in-line nutrient sensing system. These being the most useful and robust of the properties previously used. In most cases, the sensor speci"cations were identical to those used previously, although the sensor for ammonium ions had a wider range than that used previously. It was envisaged that, initially, some of the individual sensors selected would not be used for estimation of nutrient concentration. However, they were included to facilitate further development and calibration should this prove necessary at a later stage.
The in-line nutrient sensing system was constructed from 4nominal size, Class C, ABS pipe (approximately 100 mm internal diameter), 2)84 m in length. The individual sensors, except the density meter, were inserted into the main 4 pipe via 4;2 (approximately 100 mm;50 mm) saddles glued along the length of the pipe, each of the saddles was "tted with a suitable adaptor for each of the individual sensors. The density meter was located in a by-pass loop running parallel to the main 4 pipe. A #ow was created through the density meter by inserting a 89 mm venturi into the 4 pipe at the point that the by-pass loop re-enters the main #ow (Fig. 1). 
Mechanical installation of the nutrient sensing system
The in-line sensing system was "tted to the side of a 7 m capacity slurry tanker (Fig. 2) using ANSI class 150 #anges. The position of the sensing system was such that the tanker could be "lled through the device, the contents of the tanker could be pumped through it during recirculation mixing or the tanker could be emptied through it (Fig. 3) , depending on the valve positions, i.e. open/closed.
Installation of control and signal processing systems
The in-line nutrient sensing system incorporated a single-card computer, including an analogue to digital 304 I . M. SCOTFORD E¹ A¸. Fig. 1 . In-line nutrient sensing system construction (A}D) converter which accepted eight input channels, each with a range of 0}5 V. The input channels were allocated to the eight measured properties as listed in Table 1 . The single-card computer and signal conditioning circuit boards for electrical conductivity, ammonium ion sensor, pump speed, pH and redox were all housed in a waterproof metal box, located on the mud guard of the tanker (Fig. 2) . The signal conditioning for the density meter and di!erential pressure transducer were in separ- ate waterproof enclosures also mounted on the tanker. An electrical isolator switch was mounted on the front of the metal box for easy access. Overall control of the operation of the tanker, including monitoring and control of forward speed and slurry discharge rate was achieved using a separate control system (Lenehan et al., 1998) . This incorporated a tankermounted programmable logic controller (PLC) plus a personal computer (PC) mounted in the tractor cab.
Instrumentation software
General description
Two computer programs were used with the in-line sensing system. The "rst was the operational software for the single-card computer. It was written using computer language &&C'' and was designed to record output values from the individual sensors, to calculate AN, P and K concentrations from these values and then to send this information via an RS232 connection to the separate control system (Lenehan et al., 1998) for tanker operation. This communication link also featured error codes which either con"rmed satisfactory operation or informed the operator, via the PC display, of any problems. The second program, the set up software, was written in Visual Basic and had a Windows2+ user interface. This software was not used during normal operation of the in-line sensor but was used to set up, check the operation and calibrate the in-line sensor. When necessary, this software was used on a separate PC which could be linked to the single card computer via the RS232 connection.
Data conversion aspects of the operational software
Engineering values of each of the measured properties listed in Table 1 were calculated from the sensor output voltages, using the calibration utility in the set up software. Each channel was calibrated using a linear expression of the form
where C is the engineering value (units in mS/cm, mg/l, kPa, etc; depending on channel number), M is the proportionality constant, S is the sensor output, R is the o!set constant, and subscript n is the channel sensor number (1, 2, 3, 2 , 8).
The calibration procedure (Scotford et al., 1997) involved the sequential placement of each sensor in up to eight calibration solutions of known properties. The values of the properties were manually entered into the PC which then evaluated M L and R L values for each channel using a conventional linear regression method of the least-squares estimation.
In addition to the eight measured properties necessary for estimation of AN, P and K concentrations (channels 1}8), three further channels (9}11) enabled pre-programmed mathematical functions to convert the #ow and pressure measurements from channels 5 and 6 into values of shear stress and shear rate, and for their subsequent conversion into logarithmic values of a rheological property of slurry, k. Channels 9}11 (C }C ) incorporated the following previously derived (Scotford et al., 1998a) equations:
For channel 9,
where is the shear stress in Pa, d is the diameter of pipe in m (0)1 m), P is the di!erential pressure in Pa from channel 5, and¸is the length of pipe in m (2)52 m). For channel 10,
where is the shear rate in s\, < is the #ow velocity in m/s from channel 6, and d is the diameter of pipe in m (0)1 m). For channel 11,
The following algorithm converted individual channel values to nutrient concentrations (AN, P and K) in units of kg/m:
where > is the AN, P or K concentration in kg/m, w, x, y, z are the previously derived (Scotford et al., 1998b) calibration coe$cients, C is the channel value, and subscripts i, j, k are the three relevant channel numbers between 1 and 11. Previous work with a prototype nutrient-sensing system (Scotford et al., 1998b) identi"ed eight di!erent groups of slurry types each requiring a separate set of algorithms. These groups arose from the need to establish separate linear regression equations for cattle and pig slurries in each of the four countries included in the earlier investigation. In part, the need for di!erent regressions arose from the di!erent laboratory procedures used in each of the countries. The format of Eqn (5) allowed multiple linear regressions to be used that included up to three measured properties. However, the analysis of the data (Scotford et al., 1998b ) from the prototype nutrient sensing system indicated that a maximum of two properties were required. Hence, the coe$cient y and channel number C I were set to zero in all cases. Thus, for each slurry group, the coe$cients (w, x and z) and channel numbers (C G and C H ) were required to complete each algorithm. The eight groups of slurry types, and their respective best-"t coe$cients for estimation of AN, P and K concentrations are listed in Table 2 . All of these values were obtained during the previous experiments (Scotford et al., 1998b) . The hypothesis was proposed that these coe$cients could be applied directly to the measurement of similar properties in the in-line sensing system. The primary purpose of the experiments described below was to test this hypothesis of transferrable coe$cients.
Sample collection and experimental procedures
The in-line nutrient-sensing system was tested with "ve slurries in the UK (two cattle and three pig slurries) and a further 13 slurries in Ireland ("ve cattle and eight pig slurries). The trials in the UK were completed before installation of the system on the prototype tanker. To simulate normal tanker-mounted operation, the device was installed in a recirculating test circuit comprising a static slurry tank containing 5 m of slurry, a centrifugal pump and a circuit formed from 75 mm nominal bore pipe (Fig. 4) . The #ow metering system was not operational in the UK because the in-line nutrient sensing system relied on measuring the speed of a positive displacement pump "tted to the tanker. This pump was calibrated to enable conversion of measured speeds into #ow rates. Therefore, during trials in the UK, this facility
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Fig. 4. Recirculating test circuit for evaluation of the in-line nutrient sensing system in the UK
was not available. Instead, a centrifugal pump was used, with a #ow rate of approximately 15 l/s. However, this was not a problem since none of the nutrient estimations for UK slurries was based on ln k. Thus, #ow rate and di!erential pressure values were not required. In addition, none of the other individual sensors was sensitive to #ow, thus the estimates of the nutrient concentrations were not a!ected. During each experimental run, the slurry was passed through the sensing system until stable readings of predicted AN, P and K concentrations were observed. Values for all of the individual measured properties and the estimated values of AN, P and K were then logged at 3 s intervals for approximately 2 min. During each run, a sample of the well-mixed slurry was taken for laboratory analysis of total solids (TS), ammoniacal nitrogen (AN), total phosphorus (P) and total potassium (K) concentrations (Scotford et al., 1998a) . These samples were obtained using the sampling valve incorporated in the nutrient-sensing system (Fig. 1) .
During the trials in the UK, one cattle slurry and one pig slurry were diluted with water to determine the nutrient sensing system's ability to detect the e!ect of dilution on nutrient concentration. Each of the two slurries was tested at "ve di!erent concentrations, one undiluted plus four which were sequentially diluted with varying quantities of water. Each dilution was achieved each time by removing approximately one-third of the slurry from the 5 m static slurry tank and replacing it with water. At each dilution, an experimental run, as described above, was completed. During these tests samples of the diluted slurry were taken for laboratory analysis of TS. Since the dilution water contained negligible amounts of AN, P and K, it was assumed that the TS values alone could provide reliable indication of the overall dilution e!ect.
The trials in Ireland were completed after installation of the nutrient sensing system on the tanker. In this case, the tanker was "lled with approximately 4 m of slurry and the tractor-driven positive displacement pump on the tanker was used to recirculate the tanker contents at a #ow rate of 15 l/s through the nutrient sensing system. As soon as the recirculation began, values of the individual measured properties and estimates of AN, P and K concentrations were logged every 3 s for a duration of approximately 2 min. Preliminary examination of the data revealed that relatively little variation was found in the values of the measured properties, suggesting that mixing was both thorough and rapid. Slurry samples for laboratory analysis of TS, AN, P and K concentrations were obtained while the tanker contents were being recirculated, using the sampling valve of the nutrient-sensing system (Fig. 1) .
Results
Performance of individual sensors
The accuracy and reliability of the individual sensors were crucial for the overall operation of the in-line nutrient sensing system. Hence, the results of the individual measured properties were examined to reveal speci"c problems. For each of the measured properties, a single value was obtained by averaging all of the data recorded during each of the test runs (Table 3) . The values 
Ireland 32)2 (0)2) 0 (0) 1043 (4) 11)6 (0) n/a " no data available.
obtained for electrical conductivity, density, temperature, pH and redox were both reliable and stable, as indicated by the relatively small values of standard deviation associated with each measured value. The #ow velocity sensor, i.e. pump speed sensor, was also both reliable and stable during all of the trials conducted in Ireland. The ammonium ion sensor worked satisfactorily in the UK. However, when it was "tted to the slurry tanker and tested in Ireland, the sensor operated inconsistently. Data presented in column 4 of Table 3 illustrates this inconsistency. The sensor was examined and found to be undamaged and therefore the reason for its unsatisfactory operation remained unknown.
When tested in the UK, the di!erential pressure transducer functioned reliably, but when tested in Ireland, the measured di!erential pressure values were unstable as indicated by the associated high values of standard deviation. The tanker was "tted with a positive displacement lobe pump and it was suspected that the pulsed #ow created by this pump caused pressure #uctuations greater than the pressure gradient that was being measured. In contrast, the centrifugal pump used in the UK did not produce such severe pressure #uctuations. Table 2 shows that estimates of phosphorus concentration in both cattle and pig slurries in Ireland were based on ln k which was derived from di!erential pressure. Hence, due to the unstable di!erential pressure, the algorithms for the Irish cattle and Irish pig phosphorus estimations were changed. The replacement algorithms were based solely on density, the second best-"t relationships identi"ed previously by Scotford et al. (1998b) for Irish phosphorus estimation, and used the following values of w, x, z, C G and C H . Cattle slurries: w" !0)041, x"0, z"315, C G "3 and C H "0 Pig slurries: w"56)86, x"0, z" !57426, C G "3 and C H "0
Dilution e+ect
Since evaporation of water from stored slurries and/or dilution with rain water are the main reasons for variability in nutrient concentration, the ability of the nutrient sensing system to detect dilution was vital to the operation of the overall system. Data from the dilution experiments completed in the UK, described in Section 2.5, were used to derive estimated nutrient concentrations for each particular dilution of slurry. A single value was obtained for each of the three estimated nutrient concentrations (AN, P and K) by averaging all of the data recorded associated with each dilution value. These values were plotted against their corresponding values of TS (determined from laboratory analysis). Figures 5}7 show that the estimated nutrient concentrations were related linearly to the TS values, although the relationships were di!erent for the cattle and pig slurries. In each case, the coe$cients of determination r were greater than 0)91. Initially, it may seem surprising that the slopes of the regression lines were di!erent. Super"cially, for example, dilution of any slurry to 50% of its initial concentration would be expected to lead to 50% reduc- It was concluded that the nutrient sensing system was able to detect the e!ects of dilution on AN, P and K concentrations with relatively high precision, and gave a linear response in each case. However, equivalent absolute accuracy in estimating, for example, AN concentration, in a speci"c slurry at varying dilutions would require an appropriate recalibration using that slurry including at least two dilution values. 
Fig. 7. Ewect of aqueous dilution of slurries on predicted concentrations of potassium using cattle () and pig (᭹) slurries in the UK:~~, K (cattle)
"
Nutrient estimation
Each of the three nutrients (AN, P and K) were examined individually, in each case the measured nutrient concentrations and the property or properties used to calculate the estimated nutrient values for each country (UK and Ireland) were compared (Table 4) with previous data (Scotford et al., 1998b) , thus establishing if the new data "tted within a similar range to those used to de"ne the algorithms detailed in Table 2 .
For each slurry sample, the mean predicted values of the three nutrients (AN, P, K) were obtained by averaging all of the predicted values, for each nutrient, recorded during each of the test runs. For each case, the coe$cient of variation C< was determined, being the ratio of the standard deviation to the mean. The values of C< for all slurry types ranged from 0)3}9)5%, !5)7}98)2% and 0)4}3)5% for AN, P and K, respectively.
The measured nutrient concentrations were plotted against the predicted AN, P and K concentrations for each of the slurry types (cattle and pig) in each of the two countries. Values of the standard error per observation mse were calculated for each of the 12 data sets using mse"
where > N is the predicted nutrient value in kg/m, > K is the measured nutrient value in kg/m, and N is the number of observations. Each value of mse was then compared with its corresponding forecast standard error fse from the previous study (Scotford et al., 1998b) , using variance ratio techniques to establish if the hypothesis of transferable coe$cients was correct in each case (Table 5) .
Ammoniacal nitrogen estimations
All of the data from UK were within the previous ranges of EC and AN concentration. However, the Irish data were outside the previously measured ranges for EC and AN concentrations in both cattle and pig slurries; and outside the previous range of density in pig slurries (Table 4) . It was also found that, when comparing the mse Table 5 Variance ratio analysis to test hypothesis of transferrable coe7cients
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Slurry type and measured nutrient in parenthesis
Forecast standard errors (Scotford et al., 1998b) with the fse from the previous study (Scotford et al., 1998b) (Table 5 ) the Irish cattle AN estimation was signi"cantly di!erent at the probability p(0)05 level. The other three AN estimations were not signi"cantly di!erent at this level, thus the hypothesis is true for these cases.
When all of the measured AN values AN K were plotted against the predicted values AN N (Fig. 8) there was m "AN p ) ;~~, AN m "1.02 AN p !0)25, r 2 "0)92, p(0)01; r 2 , coezcient of determination; p, probability a good overall relationship in which the linear regression line "tted to the data was very close to the &&ideal''
Fig. 8. Comparison of ammoniacal nitrogen concentrations measured by laboratory analysis and predicted from the in-line nutrient sensing system, using cattle () and pig (᭹) slurries in the UK; and cattle (ᮀ) and pig (᭺) slurries in Ireland: ----, ideal response (AN
. Closer examination of the data revealed that the three most distant outlying points related to Irish cattle slurries. This was generally in accordance with the conclusion presented in Table 5 that the nutrient sensing system calibration coe$cients were not transferable from the previous prototype in this case. However, even without this adjustment, the overall standard error per observation (based on the &&ideal'' response) was $0)43 kg/m in a range of measured AN concentrations from 0)63 to 5)29 kg/m. This conformed well with the forecast range of standard errors obtained from the previous prototype (from$0)38 to$0)80 kg/m). Omission of the Irish cattle slurry data from the analysis led to an improved overall standard error per observation of $0)29 kg/m.
Phosphorus estimations
Some of the UK density data for pig slurries were slightly below the previous range, and some of the pH data for the same slurries were higher than the previous range. Otherwise, all of the measured data in the UK were within the previous ranges. Similarly, in Ireland, most of the data were within the previous ranges, except for the pig slurry density values (Table 4) . When the mse and fse values were compared it was found that the hypothesis of transferrable coe$cient was true for cattle slurries in both the UK and in Ireland, but false in the case of pig slurries in both countries (Table 5 ). The measured P values P K and predicted P values P N presented in Fig. 9 , re#ected this, in that the data points obtained using pig slurries were the most distant from the &&ideal'' response (i.e. P K "P N ). Overall, the standard error per observation (based on the &&ideal'' response) was
Fig. 9. Comparison of phosphorus concentrations measured by laboratory analysis and predicted from the in-line nutrient sensing system, using cattle ( ) and pig (᭹) slurries in the UK; and cattle ( ᮀ) and pig (᭺) slurries in Ireland: ----ideal response
(P m "P p )
$0)91 kg/m in a range of measured P concentrations from 0)12 to 1)77 kg/m. This overall performance was substantially worse than that expected from the forecast range of standard errors obtained from the previous prototype (from $0)19 to $0)32 kg/m). Considering the cattle slurries in isolation, the standard error per observation (based on the &&ideal'' response) was $0)29 kg/m in a range of measured P concentrations from 0)12 to 0)71 kg/m. This clearly compared more favourably with the previously forecast range of standard errors (Scotford et al., 1998b) . However, it should be noted that in the case of the Irish cattle slurries, the previous calibration based on results from the prototype nutrient sensing system (Scotford et al., 1998a (Scotford et al., , 1998b ) had revealed only a weak relationship between density and phosphorus, although none of the other measured properties was able to provide a better estimation of phosphorus concentration.
In recognition of the need for recalibration in the case of pig slurries, these data are presented separately in Fig. 10 , with separate regression lines for the UK and Irish slurries, leading to respective coe$cients of determination r of 0)99 and 0)82, and standard errors per observation of $1)03 and $1)18 kg/m, respectively. Although it is clear from these results that re-calibration of the in-line nutrient sensing system would be necessary to achieve acceptable estimates of P concentrations in pig slurries, the device has the potential for reasonably precise performance in this respect.
Potassium estimations
The K concentrations measured in the UK slurries were within the previous ranges. However, the ammonium ion sensor gave much higher values than previously recorded. The ranges of K concentrations and EC values measured in the Irish slurries extended beyond the ranges previously measured (Table 4) . Comparison of the mse and fse values showed that the hypothesis of transferrable coe$cients was true in all cases except in connection with UK cattle slurries ( Table 5 ). The measured K values K K and predicted K values K N presented in Fig. 11 re#ected this situation in that the two points comprising this data set were obvious outliers. Considering the other three data sets collectively revealed that the standard error per observation (based on the &&ideal'' response, K K "K N ) was $0)79 kg/m in a range of measured K concentrations from 0)81 to 6)49 kg/m. This conformed well with the forecast range of standard errors obtained from the previous prototype (from $0)30 to $1)08 kg/m). Figure 11 also shows that the linear regression line "tted to the data crossed the &&ideal'' response in the middle of the range of measured concentrations, although there was a tendency for the in-line nutrient sensing system to overestimate at low K concentrations and to underestimate at higher concentrations. 
Discussion
The accuracy of the in-line nutrient sensing systems was reliant upon two factors: "rstly, the precision of the calibration coe$cients and secondly, the accuracy and reliability of the individual sensors which comprised the sensing system.
Accurate calibration of the in-line nutrient sensing system was clearly essential for acceptable performance, but it was acknowledged that, when slurry spreading operations must be completed in practical farming situations, timeliness and therefore rapid and uninterrupted operation are essential. For this reason, it was desirable that need for frequent recalibration of the device should be minimized. For practical reasons, it was also advantageous to determine whether the individual sensors could be calibrated separately from the complete system, but still enable accurate nutrient estimation when reinstalled. Overall, the results obtained in this study showed that the hypothesis that calibration coe$cients, determined using a previous prototype nutrient sensing system (Scotford et al., 1998a and , could be directly transferred to a full-scale in-line nutrient-sensing system was valid in eight out of 12 cases. Moreover, this result was achieved even though the slurries assessed in this study were collected from a diverse range of farming systems in two di!erent countries.
All of the individual sensors were involved in at least one situation in which the hypothesis of transferrable coe$cients was found to be false. Therefore, there were no indications of a systematic problem. As a result of this assessment, it was concluded that the in-line nutrient sensing system would require recalibration in the cases where the hypothesis was false. In some instances, the need for recalibration was linked with observed problems with speci"c sensors. In particular, the ammonium ion sensor recorded a much higher range of concentrations when used in the UK slurries than had been previously recorded (Scotford et al., 1998a and . This occurred even though the results of the associated laboratory analyses did not re#ect a commensurate di!erence between the properties of the two sets of slurries. The subsequent failure of this device whilst operating in Ireland suggested that an alternative, more robust, sensor would be needed for practical operation on farms.
In the case of estimating P concentrations in Irish slurries, the pressure #uctuations caused by the pump on the 7 m tanker prevented e!ective measurement of differential pressure, and therefore these estimates had to be based on the &&second-best'' correlations from the previous work (Scotford et al., 1998a and . Consequently, it was not surprising that phosphorus estimation on Irish pig slurries proved to be one of the situations in which the hypothesis of transferrable coe$cients was found to be false. Clearly, these observations indicated that a modi"ed system of rheological measurement would be needed to improve performance in practical systems.
The average predicted nutrient concentration, in terms of AN, P and K from each slurry-type tested, proved to be stable in the majority of cases, this being indicated by the small value of C< associated with each of the predicted values. It was suspected that the values of C< for AN and K were lower than the values of C< for P since the AN and K are largely soluble and were therefore present in the liquid fraction, whereas P is largely insoluble and was thus found in the solid fraction. This observation compares favourably with that by Derikx et al. (1997) who compared di!erent sampling techniques and always found the sampling errors to be larger for phosphorus than for nitrogen or potassium.
A separate assessment of the ability of the device to determine the e!ects of aqueous dilution on AN, P and K concentrations in cattle and pig slurries also showed that speci"c recalibration would be necessary under these circumstances. However, the trials showed that precision of the device in estimating these dilution e!ects was very good (all values of r were greater than 0)91) and thus provided evidence that, given such recalibration, the device would have the potential for accurate estimation of the dilution of any given slurry.
Despite the practical problems mentioned above, consideration of the cases in which the hypothesis of transferrable coe$cients was found to be true revealed that the overall standard errors per observation (based on the &&ideal'' responses) for AN, P and K concentrations were $0)29, $0)29, and $0)79 kg/m, respectively. Although these errors show that the technique was imperfect, they compared reasonably well with the published standard errors associated with other rapid techniques for nutrient estimation based on small-scale samples obtained from large stores. For example, Piccinini and Bortone (1991) reported a standard error of $0)24 kg/m following an assessment of the proprietary &&Agros'' meter for estimation of ammonium nitrogen concentration in pig slurries, and an equivalent standard error of $0)46 kg/m for the same device using cattle slurries.
Although laboratory analysis of a slurry can provide a better estimation of the available nutrients within the speci"c sample taken, this sample represents only a small proportion of the complete store. The estimation of the total available nutrients is therefore only as good as the sampling procedure used and how well the store is mixed. The in-line nutrient sensing system, although not as accurate for a speci"c sample, has the advantage of analyzing the complete contents of each tanker load of slurry. Thus overall, there would be little di!erence in the total nutrient estimations between the two systems. Despite not o!ering an improvement in nutrient estimation accuracy, the in-line nutrient-sensing system has the following advantages: (i) the nutrients are estimated automatically, avoiding the need to take samples manually; (ii) it can provide instant estimates of available nutrients, thus avoiding the necessary time delay of waiting for laboratory results; (iii) slurry store mixing is reduced merely to that necessary to enable e!ective slurry handling since the in-line system estimates the nutrient content of all the slurry applied to land; and (iv) the system can be linked directly with a volumetric control application system such as that already developed (Lenehan et al., 1998 ) to achieve desired rates of nutrient application.
The ever increasing trend towards precision agriculture will require new technological developments, especially within the area of sensing. Fitting nutrient sensors to slurry tankers could bene"t farmers by increasing productivity; and improve the environment, by reducing pollution.
Conclusions
(1) An in-line nutrient-sensing system mounted on a 7 m slurry tanker was able to estimate the ammoniacal nitrogen, phosphorus and potassium concentration of cattle and pig slurries to accuracies which compared favourably with other sample-based techniques of rapid nutrient assessment. This device provided the key bene"ts of: unimpeded work rates during normal spreading operations (by avoiding the need for manual sampling) and very rapid provision of estimated nutrient concentrations in a format suitable for both control of the application rate of the nutrients to crops and for maintenance of detailed farm records. (2) Experimental evaluations using two cattle slurries and three pig slurries in the UK, plus "ve cattle slurries and eight pig slurries in Ireland showed that in estimating the three main nutrients, in each of these four cases, calibration coe$cients derived during a previous study of slurry properties could be used to obtain accurate estimates. Speci"cally, a hypothesis of transferrable coe$cients was proven in eight of the 12 cases. (3) Based on the cases where the hypothesis was proven, the overall standard errors per observation for ammoniacal nitrogen, phosphorus and potassium concentrations were $0)29, $0)29 and $0)79 kg/m, respectively. The respective ranges over which these values were determined were 0)63}5)29, 0)12}0)71 and 0)81}6)49 kg/m. (4) Experiments in which particular slurries were diluted with water showed that, given appropriate recalibration, the standard errors of the estimates of nutrient concentration could be improved. (5) Evaluation of the variability in the data obtained during each assessment of the nutrient content in each load of slurry in the 7 m tanker revealed ranges of coe$cients of variation of 0)3}9)5%, !5)7}98)2% and 0)4}3.5% for ammoniacal nitrogen, phosphorus and potassium concentrations, respectively. This compared favourably with variations previously obtained (Derikx et al., 1997 ) using a variety of di!erent sampling devices.
